Background {#Sec1}
==========

Reproductive toxicity of chemotherapy agents is harmful to women who suffer from cancer. Severe ovarian damage induced by chemotherapy will cause great loss of follicles, resulting in premature ovarian insufficiency (POI). With improvement in the long-term survival rates of children and young adults who have cancer, increasing importance has been attached to the treatment of the damaged ovary \[[@CR1], [@CR2]\]. However, there is no effective measure for chemotherapy-induced POI. Therefore, new treatment strategies are urgently needed.

Recently, regenerative medicine researches have shown that mesenchymal stem cell (MSC) transplantation can restore the function of damaged tissues, which provides a potential therapy on chemotherapy-induced POI \[[@CR3]\]. However, BMSC transplantation did not attain the expected repair effect. The hampered ovarian therapeutic efficiency of BMSCs may be attributed to the low survival rate after transplantation. In addition, BMSCs apoptosis and necrosis mainly occurred within 4 days after transplantation \[[@CR4]\]. Hence, finding new strategies in an attempt to overcome this obstacle is the key to improve the curative effect of BMSCs in chemotherapy-induced POI.

Heat shock pretreatment (HSP) is an effective way to protect cells before and after transplantation. Recent studies have been shown that HSP does enhance the survival rate and reduce the apoptotic rate of transplanted MSCs \[[@CR5], [@CR6]\]. Our previous study demonstrated that HSP can ameliorate the therapeutic effect of BMSCs on a chemotherapy-induced POI rat model \[[@CR7]\]. However, whether HSP inhibits BMSCs apoptosis to protect the granulosa cells (GCs) against cisplatin is still unknown.

This study is to investigate the protective effects and the related mechanisms of HSP on BMSCs apoptosis. Additionally, the therapeutic effect of HS-MSCs on protecting GCs against cisplatin is also detected. Firstly, four HSP duration times were set up and the optimal condition was obtained by detecting BMSCs apoptosis. Secondly, cisplatin was added to HS-MSCs medium to mimic the in vivo microenvironment of chemotherapy. The proliferation, apoptosis, and viability of HS-MSCs were further detected to determine the changes of biological characteristics. Then, the levels of autophagy and heat shock proteins were detected to discuss the related mechanism in the improvement of the repair effect in HS-MSCs. Finally, GCs were isolated and cisplatin was added to the GCs medium to establish the in vitro model of chemotherapy-induced POI. The HS-MSCs were co-cultured with GCs before and after cisplatin addition to evaluate the preventive and therapeutic effects of HS-MSCs on the cisplatin-induced GCs apoptosis.

Methods {#Sec2}
=======

Animals {#Sec3}
-------

Female Wistar rats (80--100 g; 4--5 weeks old) from the Laboratory Animal Center of Southern Medical University were used in this study. The rats were maintained under laboratory conditions with controlled temperature (23 ± 2 °C), humidity 45--55%, 12:12-h light-dark cycle, and free access to standard diet and sterile water. The rats were under pentobarbital sodium anesthesia and then euthanized for sampling.

This study was conducted in compliance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health \[[@CR8]\]. All study procedures were approved by the Committee on the Ethics of Animal Experiments of Southern Medical University (Permit Number: L2016039).

Isolation, culture, and identification of BMSCs {#Sec4}
-----------------------------------------------

Rats were anesthetized with pentobarbital sodium and euthanized. Bilateral femurs and tibiae were harvested and flushed with complete culture medium containing 10% FBS. Following centrifugation at 2500 rpm for 20 min with Percoll at a density of 1.073 g/mL, mononuclear cells at the interface were collected. Cells were washed twice with PBS then were resuspended in DMEM/F12 complete medium containing 10% FBS supplemented with 100 U/mL penicillin and 0.1 mg/mL streptomycin. The resulting cell suspension (1 × 10^6^ cells/mL) was inoculated into a culture plate, which was incubated at 37 °C with 95% humidity and 5% CO~2~. Non-adherent cells were removed after 72 h and then the fresh culture medium was replaced. BMSCs were identified by flow cytometry to detect the cells that expressed the typical surface markers CD44, CD45, CD29, and CD34. Passage was performed in a 1:2 proportion after cells reached the 80% confluence. The third passage of BMSCs in good growth status was separated for the preparation of single cell suspension then used for the following experiments.

Isolation and culture of GCs {#Sec5}
----------------------------

Rats received subcutaneous injection of pregnant mare serum gonadotropin (PMSG) (100 IU per rat) 48 h before being sacrificed. Bilateral ovaries were aseptically harvested within 20 min of slaughter and rinsed in petri dishes containing chilled PBS, supplemented with 100 U/mL penicillin and 0.1 mg/mL streptomycin. Afterward, the ovaries were separated from the oviducts, bursa, and fat under a stereomicroscope and then were transported to DMEM/F12 supplemented with 10% FBS, 100 U/mL penicillin, and 0.1 mg/mL streptomycin. Mature follicles were pricked with 1-mL syringe needles to extrude GCs. Cell suspension was filtered through a 70-μm filter and centrifuged at 1000 rpm for 10 min at 4 °C, and the supernatant had been carefully removed. Finally, GCs were resuspended after washing twice in PBS and were cultured at 37 °C and 95% humidity with 5% CO~2~ in the incubator. Presence or absence of cell attachment was observed and confirmed 48 h after incubation. The medium was replaced to remove unattached cells, and this procedure was repeated every 72 h.

Identification of GCs {#Sec6}
---------------------

### HE staining {#Sec7}

Cell crawling slides were collected and fixed in 4% paraformaldehyde for 20 min. Then, they were washed with PBS three times for 5 min each time. Cell slides were stained with hematoxylin for 3 min, differentiated with hydrochloric ethanol for 15 s, and stained with blue buffer for 15 s. Cell slides were subsequently stained with eosin for 3 min and rinsed with running water. Lastly, they were conventionally dehydrated with an ethanol and xylene gradient, mounted in neutral resin, and observed under a microscope.

### FSHR immunocytochemistry {#Sec8}

Cells were fixed in 4% paraformaldehyde for 15 min and washed with PBS three times for 3 min each time. Cells were then incubated in a 3% hydrogen peroxide solution (H~2~O~2~) at room temperature for 10 min to inactivate endogenous peroxidase and washed with PBS three times for 5 min each time. Subsequently, 5% BSA was added to the petri dish and cells were blocked at room temperature for 30 min. The primary antibody rabbit polyclonal FSHR (1:500, bs-20658R, Bioss) was added dropwise and incubated in wet box overnight at 4 °C. Goat anti-rabbit IgG secondary antibody marked by horseradish peroxidase (HRP) (1:500, SV0002, Boster) was added dropwise, and the cells were incubated at room temperature for 30 min. Diaminobenzidine tetrahydrochloride (DAB) was added as a substrate and stained for 5--10 min. Next, cells were flushed fully with running water and counterstained with hematoxylin for 3 min. Finally, cells were conventionally dehydrated with an ethanol and xylene gradient and mounted in neutral resin. Immunoreactivity was detected using a fluorescence microscope.

Confirming the optimal condition of HSP {#Sec9}
---------------------------------------

The third passage of BMSCs was harvested and pre-cultured as previously described. Cells were divided into five parallel groups, namely, the normal group, 30 min group, 1 h group, 2 h group, and 3 h group; each group had four samples. For the normal group, BMSCs were cultured under normal condition without HSP. For the other four groups, BMSCs received HSP in a 42 °C water bath for four time durations (30 min, 1 h, 2 h, and 3 h, respectively). After replacing the fresh medium, BMSCs in all groups were incubated at 37 °C with 5% CO~2~ for 24 h, 48 h, and 72 h. The apoptotic rates of BMSCs at different time points were detected with Annexin-V/PI.

Detecting the effect of HSP on biological characteristics of cisplatin-induced BMSCs {#Sec10}
------------------------------------------------------------------------------------

BMSCs were divided into four groups, namely, the blank control group, HS-MSC group, model group, and HS-MSC model group. The blank control group was cultured under normal conditions without HSP. The HS-MSC group received HSP under the optimal condition. The model group was co-cultured with 5 mg/L cisplatin for 48 h without HSP. The HS-MSC model group received HSP under the optimal condition, and 5 mg/L cisplatin was added to the medium of HS-MSCs for 48 h. BMSCs in all groups were incubated at 37 °C, with 5% CO~2~. The cell proliferative curve was determined by CCK-8 assay. In addition, the cell apoptotic rate and viability were respectively detected by Annexin V/PI double staining using flow cytometery and were valued by Hoechst 33342/PI double staining under a fluorescence microscope.

CCK-8 assay {#Sec11}
-----------

Cell proliferation rate was determined using Cell Counting Kit-8 (KGA317, Keygenbio). For each group, BMSCs were inoculated into five wells of the 96-well plates (2 × 10^3^ cells per well). When cells began to adhere, the model group and HS-MSC model group were added with proper concentration of cisplatin (5 mg/L) for 48 h. BMSCs of each group were harvested and incubated with 10 μL CCK-8 reagents at room temperature with 5% CO~2~ for 4 h. The absorbance at 490 nm was then measured by using an automatic microplate reader for 7 days consecutively.

Annexin-V/PI double staining assay {#Sec12}
----------------------------------

After receiving HSP under the optimal condition and incubating for 72 h, BMSCs were washed with PBS three times and collected. Annexin V-FITC/PI double staining assay was performed by utilizing the Annexin V-FITC/PI Apoptosis Kit (AP101-100-kit, MULTI SCIENCES) according to the manufacturer's instructions. Briefly, 195 μL binding buffer and 5 μL Annexin V-FITC were added and incubated at room temperature away from light for 10 min. Next, 200 μL binding buffer that contained 10 μL PI was added and incubated at room temperature away from light for 15 min. The samples were immediately analyzed using FACS (Becton, Dickinson and Company, Franklin Lake, NJ, USA). The equation (number of cells in the upper right quadrant + cells in the lower right quadrant) / (total cell number) was used to calculate the apoptotic rate.

Hoechst33342/PI double staining assay {#Sec13}
-------------------------------------

BMSCs of each group were harvested and fixed in 4% paraformaldehyde for 15 min. Then, the fixative solution was discarded and BMSCs were washed with PBS three times for 3 min each time. Next, Hoechst 33342 was added and cells were stained away from light at room temperature for 5 min. The staining solution was removed and cells were washed with PBS three times for 3 min each time. PI staining solution was then added and incubated at 4 °C for 30 min. The staining solution was removed and BMSCs were washed with PBS three times for 3 min each time. Finally, the redundant liquid was discarded and the slides of cells were covered with anti-quenching mounting medium. BMSCs were observed under a fluorescence microscope.

Exploring the related mechanisms of HSP in BMSCs survival {#Sec14}
---------------------------------------------------------

### Heat shock protein 70 and 90 levels {#Sec15}

Cells were incubated at 37 °C and 5% CO~2~ for 0 h, 2 h, 24 h, 48 h, 72 h, 96 h, and 120 h and harvested at different time points to detect heat shock protein 70 (HSP70) and heat shock protein 90 (HSP90) levels by Western blot. Briefly, for preparation of total cell lysates, cells were washed twice with chilled PBS and lysed with lysis solution. The protein concentration was equalized using a bicinchoninic acid (BCA) protein assay kit (Pierce; 23227) according to the manufacturer's instructions. Protein lysates were denatured at 100 °C for 5 min. The protein fractions were resolved by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transblotted onto polyvinylidene fluoride (PVDF) membranes (Millipore, Bedford, MA, USA). After blocking with 5% nonfat dry milk in TBST (Tris-buffered saline containing 50 mM Tris/HCl, pH 8.8, 125 mM NaCl, and 0.05% Tween-20), membranes were incubated with primer antibodies including mouse monoclonal anti-HSP70 (ab47455, Abcam, 1:1000) and mouse monoclonal anti-HSP90 beta (ab53497, Abcam, 1:2500) overnight at 4 °C. After incubation with secondary antibody peroxidase-conjugated goat anti-mouse IgG (H+L) (ZB-2305, ZSGB-BIO, 1:2000) at room temperature for 26 min, immunoreactivity was visualized using an ECL kit (Perkin-Elmer Life Science, Fremont, CA, USA). Protein bands were normalized by mouse monoclonal anti-β-actin (TA-09, ZSGB-BIO, 1:2000) and analyzed with an Image 16.7 (NIH USA) software. All steps were repeated in triplicate.

### Autophagy-related markers Beclin1 and LC3B {#Sec16}

BMSCs were randomly divided into six groups, namely, the blank control group, HS-MSC group, model group, HS-MSC model group, rapamycin group, and 3-MA group. The blank control group was cultured under normal conditions without cisplatin and HSP. The HS-MSC group received HSP under the optimal condition without cisplatin. The model group was co-cultured with 5 mg/L cisplatin for 48 h without HSP. The HS-MSC model group was received HSP under optimal condition and subsequently co-cultured with 5 mg/L cisplatin for 48 h. The rapamycin group and 3-MA group both received HSP under optimal condition and co-cultured with 5 mg/L cisplatin. Then, the rapamycin group was co-cultured with autophagy promoter rapamycin (10 nM; HY-10219; MCE), and the 3-MA group was co-cultured with autophagy inhibitor 3-methyladenine (3-MA; 5 mM; HY-19312; MCE). The total contact time between GCs and cisplatin in both the rapamycin and 3-MA groups was 48 h.

RIPA lysates from all groups were collected and protein concentrations were quantified using the BCA protein assay. Equal amounts of protein were separated by 12% SDS-PAGE and transferred to PVDF membranes and then were analyzed by electrophoresis. Membranes were incubated with primary antibody against rabbit monoclonal anti-Beclin1 (ab207612, Abcam, 1:2000), rabbit monoclonal anti-LC3B (ab192890, Abcam, 1:2000), or mouse monoclonal anti-β-actin (TA-09, ZSGB-BIO, 1:2000) overnight at 4 °C and were then incubated with a secondary antibody peroxidase-conjugated goat anti-mouse IgG (H+L) (ZB-2305, ZSGB-BIO, 1:2000) at room temperature for 1 h. Finally, protein levels were detected using the ECL light system (Perkin-Elmer Life Science, Fremont, CA, USA). Pictures were analyzed using the Image 16.7 (NIH USA) software. The band intensity was normalized to that of β-actin. All steps were repeated in triplicate.

### Autophagosome observation {#Sec17}

BMSCs in the blank control group, HS-MSC group, model group, HS-MSC model group, rapamycin group, and 3-MA group were fixed in 2.5% glutaraldehyde, followed by post fixation in 2% osmium tetroxide, dehydration in ascending series of ethanol, and embedding in epoxy resin (SPI Inc., Westchester, PA). Ultrathin sections (60 nm) were stained with uranyl acetate and lead citrate and then examined with a transmission electron microscope (Hitachi; H-7500). Autophagosome morphology and quantification of autophagic accumulation were observed according to the previous description \[[@CR9]\].

Determining the effect of HS-MSCs on cisplatin-induced GCs apoptosis {#Sec18}
--------------------------------------------------------------------

GCs were isolated, cultured, and identified as above and were randomly divided into six groups, namely, the normal group, model group, MSC prevention group, HS-MSC prevention group, MSC treatment group, and HS-MSC treatment group. The normal group was cultured under normal conditions without cisplatin and HSP. The model group was co-cultured with 5 mg/L cisplatin for 48 h without HSP. GCs of the MSC prevention group and HS-MSC prevention group were respectively co-cultured with BMSCs and heat shock-pretreated BMSCs (HS-MSCs) according to the ratio of 1:1 for 24 h. Subsequently, two groups were both co-cultured with 5 mg/L cisplatin for 48 h. GCs of the MSC treatment group and HS-MSC treatment group were firstly co-cultured with 5 mg/L cisplatin for 24 h to induce GC apoptosis. Then, two groups were respectively co-cultured with BMSCs and HS-MSCs according to the ratio of 1:1 for 24 h. The total contact time between GCs and cisplatin in all groups was 48 h. The apoptotic rates of GCs were detected by Annexin-V/PI double staining using flow cytometry and were valued by Hoechst33342/PI double staining under a fluorescence microscope.

Statistics analysis {#Sec19}
-------------------

All values are presented as mean ± SD and were analyzed by one-way analysis of variance (ANOVA) and SNK test with SPSS 22.0 (SPSS, Inc., Chicago, IL) for Windows. ANOVA followed by post hoc Dunnett test was used to determine statistical differences between groups, and the SNK test was used to evaluate the difference between two groups. *P* \< 0.05 was considered significantly different.

Results {#Sec20}
=======

Culture and identification of BMSCs {#Sec21}
-----------------------------------

Cell morphology of the third passage BMSCs presented a fibroblast-like morphology, became uniform as a fusiform shape, and were arranged regularly (Fig. [1](#Fig1){ref-type="fig"}a). Flow cytometry indicated that over 90% of BMSCs were positive for CD44 and CD29, while they were negative for CD34 and CD45 (Additional file [1](#MOESM1){ref-type="media"}: Figure S1). Consistent with the previous study, our result confirmed that the cultured cells were BMSCs with classical MSC phenotype rather than hematopoietic stem cells. Fig. 1Morphological observation of rat BMSCs and GCs. **a** The third generation of BMSCs at the third day (× 100). **b** GCs cultured in vitro for 3 days (original magnification, × 400). Identification of GCs (**c**, **d**). **c** HE staining for identification of the cells (× 400). **d** Immunocytochemical staining for FSHR for identification of the GCs (× 400)

Isolation, culture, and identification of GCs {#Sec22}
---------------------------------------------

GCs attached to the culture plate completely within 2--3 days of incubation and displayed monolayer growth, extended, and became colony-like. As evident from the light microscope photographs, GCs presented a fusiform shape and the cytoplasmic granules were observed (Fig. [1](#Fig1){ref-type="fig"}b). HE staining showed that adherent GCs were seen to be polygonal, have a round nucleus, and have a large and deep-dyed pink cytoplasma full of granules and vacuoles (Fig. [1](#Fig1){ref-type="fig"}c). In addition, FSHR immunocytochemistry staining demonstrated that over 95% of cells were FSHR positive, characterized by the brown-stained cytoplasma and blue-dyed nucleus (Fig. [1](#Fig1){ref-type="fig"}d).

Optimal conditions of HSP {#Sec23}
-------------------------

After receiving HSP under different conditions (42 °C for 0 min, 30 min, 1 h, 2 h, 3 h), BMSCs were harvested at 24 h, 48 h, and 72 h to detect apoptotic rate by flow cytometry. There were significant differences in one-way ANOVA among groups (*F*~24 h~ = 29.408, *P*~24 h~ = 0.000; *F*~48 h~ = 39.206, *P*~48 h~ = 0.000; *F*~72 h~ = 4.884, *P*~72 h~ = 0.010). At three time points, BMSCs of the 1 h group had the lowest apoptotic rates among all groups. At 24 h after HSP, the apoptotic rates of the normal group, 30 min group, 1 h group, 2 h group, and 3 h group were 5.88% ± 1.80%, 4.67% ± 1.91%, 3.93% ± 1.11%, 14.58% ± 3.42%, and 19.61% ± 3.66%, respectively. At 48 h and 72 h after HSP, the apoptotic rates of all groups were significantly decreased than that at 24 h (Fig. [2](#Fig2){ref-type="fig"}a--f). Therefore, the optimal HSP condition was determined (42 °C for 1 h) and used in the subsequent experiments. Fig. 2Confirmation of the optimal condition of HSP. Apoptosis of BMSCs at 48 h after HSP detected by Annexin V/PI using flow cytometry. **a** Normal group. **b** 30 min group. **c** 1 h group. **d** 2 h group. **e** 3 h group. **f** Apoptosis of BMSCs at 24 h, 48 h, and 72 h after HSP. \**P* \< 0.05 vs normal group

Alteration of biological characteristics in HS-MSCs {#Sec24}
---------------------------------------------------

The absorbance value (OD value) of BMSCs of the blank control group, HS-MSC group, model group, and HS-MSC model group was detected by CCK-8 assay to determine the proliferative capacity. The cell growth curve was plotted according to the average value of each pore. Cell proliferation of the HS-MSC group was increased at 2 and 3 days after HSP (*t*~d2~ = 29.198, *P*~d2~ = 0.000; *t*~d3~ = 33.686, *P*~d3~ = 0.000), demonstrating that HSP has a positive effect on the proliferation of BMSCs. Additionally, the proliferation rate of HS-MSCs rose rapidly before 72 h and then reached a plateau (Fig. [3](#Fig3){ref-type="fig"}a). Fig. 3The alteration of biological characteristics in BMSCs after HSP. **a** The growth curve of four groups. ^\#^*P* \< 0.05 vs blank control group; \**P* \< 0.05 vs model group. The apoptosis and viability of BMSCs were observed in four groups (**b**--**d**). **b, c** Cell apoptosis rate of the BMSCs with different treatments detected by Annexin V-FITC/PI using flow cytometry. \*\**P* \< 0.01 vs blank control group. \**P* \< 0.05 vs model group. **d** Detection of cell viability by Hoechst33342/PI staining (original magnification, × 40)

The apoptosis of BMSCs was measured by Annexin V-FITC/PI double staining using flow cytometry. At 72 h after HSP, the apoptotic rates of the blank control group, HS-MSC group, model group, and HS-MSC model group were 8.08% ± 0.44%, 4.62% ± 0.08%, 14.30% ± 0.80%, and 11.94% ± 0.63%, respectively. Results revealed that the apoptotic rate of the HS-MSCs group was significantly lower than that of the blank control group (*P* \< 0.01). Meanwhile, the apoptotic rate of the HS-MSC model group was significantly lower than that of the model group (*P* \< 0.05) (Fig. [3](#Fig3){ref-type="fig"}b, c).

The viability of BMSCs was detected by Hoechst33342/PI double staining assay and observed under a fluorescence microscope. Following staining with Hoechst33342/PI, apoptosis is identified by bright blue fluorescence because of the high permeability of cell membranes. Moreover, necrotic cells represent red fluorescence due to the penetration of PI, and viable cells show dull blue and dull red fluorescence. The proportion of BMSCs presenting bright blue/dull red fluorescence in the HS-MSC group was significantly lower than that in the blank control group, indicating the decreased apoptosis of HS-MSCs. Additionally, the percentage of BMSCs presenting bright blue/dull red fluorescence in the HS-MSC model group was significantly lower than that in the model group. The results described above were consistent with those of flow cytometry (Fig. [3](#Fig3){ref-type="fig"}d).

HSP70 and HSP90 expressions in HS-MSCs {#Sec25}
--------------------------------------

Results showed that HSP70 and HSP90 both had elevated expressions in HS-MSCs, which increased significantly from 2 h and maintained high expression until 96 h (*P* \< 0.01). After reaching the peak at 48 h, expressions of HSP70 and HSP 90 then gradually decreased to about 0 h levels at 120 h, but the differences of HSP70 and HSP90 between 0 h and 120 h were not statistically significant (*P* \> 0.05) (Fig. [4](#Fig4){ref-type="fig"}a, b). These results suggested that the highest expression of HSP70 and HSP90 is at 48 h after receiving HSP under optimal condition (42 °C, 1 h). Thus, HS-MSCs cultured for 48 h after HSP (42 °C, 1 h) were used for subsequent experiments. Fig. 4Expressions of heat shock proteins and autophagy-related markers in HS-MSCs. **a** Western blot analysis was performed to detect HSP70 and HSP90 at different time points. **b** Densitometry for HSP70 and HSP90 after normalization against actin levels. The data shown are the average of three independent experiments with error bars denoting SD. \**P* \< 0.05 for significant differences between 0 h. **c** Western blot analysis was performed to detect Beclin1 and LC3B. **d** Densitometry for Beclin1 and LC3B after normalization against actin levels. \**P* \< 0.05 vs model group

Autophagy-related markers Beclin1 and LC3B expressions after HSP {#Sec26}
----------------------------------------------------------------

To detect whether HSP induced autophagy in HS-MSCs, we examined protein levels of key autophagy-related markers Beclin1 and LC3B. As shown in Fig. [4](#Fig4){ref-type="fig"}c, d, the Beclin1 protein levels (166.79 ± 12.44) and the ratio of LC3BII/LC3BI (0.47 ± 0.08) in the HS-MSC group were both significantly decreased compared with those in the blank control group (260.81 ± 23.66 and 1.22 ± 0.07) (*P* \< 0.05), indicating that HSP can effectively reduce the autophagy levels. In addition, the Beclin1 protein levels (1111.58 ± 12.13) and the ratio of LC3BII/LC3BI (1.89 ± 0.02) in the model group were both significantly increased compared with those in the blank control group (*P* \< 0.05), which indicated that autophagy is activated in BMSCs co-cultured with cisplatin. Meanwhile, the Beclin1 protein levels (522.49 ± 17.90) and the ratio of LC3BII/LC3BI (1.58 ± 0.05) in the HS-MSC model group were both significantly decreased compared with those in the model group (*P* \< 0.05). Following 3-MA treatment, attenuated activation of autophagy was detected in the 3-MA group compared with the HS-MSC model group, as shown by the lower expression level of Beclin1 (334.68 ± 17.32) and lower ratio of LC3BII/LC3BI (0.98 ± 0.05) (*P* \< 0.05). However, after treating with rapamycin, a higher expression level of Beclin1 (1528.66 ± 23.61) and ratio of LC3BII/LC3BI (1.66 ± 0.02) was found in the rapamycin group than in the HS-MSC model group (*P* \< 0.05). These results revealed that the alleviation of autophagy by HSP may serve as a protective mechanism against apoptosis in BMSCs exposed to cisplatin.

The number of autophagosomes after HSP {#Sec27}
--------------------------------------

The number of autophagosomes in the blank control group, model group, HS-MSC group, HS-MSC model group, 3-MA group, and rapamycin group was observed by transmission electron microscopy (TEM). Representative electron micrographs demonstrated that the number of autophagosomes in the model group was increased compared with that in the blank control group (*P* \< 0.05). On the contrary, after receiving HSP, the number of autophagosomes in the HS-MSC group was decreased compared with that in the blank control group. Meanwhile, the number of autophagosomes in the HS-MSC model group was decreased compared with that in the model group (*P* \< 0.05). Additionally, the number of autophagosomes in the rapamycin group was increased compared with that in the 3-MA group (*P* \< 0.05). These results were in line with the autophagy levels detected by Western blot (Fig. [5](#Fig5){ref-type="fig"}). Fig. 5The number of autophagosomes in each group was observed by TEM. Representative electron micrographs demonstrated autophagic vacuole formation in each group. The red arrows indicate the double-membrane vacuoles digesting organelles or cytosolic contents

The effects of HS-MSCs on cisplatin-induced GC apoptosis {#Sec28}
--------------------------------------------------------

Flow cytometry showed that the apoptotic rates of GCs in the normal group, model group, MSC prevention group, HS-MSC prevention group, MSC treatment group, and HS-MSC treatment group were 31.13% ± 2.81%, 53.81% ± 1.89%, 50.21% ± 1.68%, 39.88% ± 1.65%, 42.76% ± 0.99%, and 36.72% ± 0.96%, respectively. Statistical analysis revealed significant differences in the apoptotic rate among the six groups (*F* = 127.6, *P* = 0.000). The apoptotic rates of the HS-MSC prevention group and HS-MSC treatment group were both significantly lower than that of the model group (*P* \< 0.05). However, no significant difference was observed between the HS-MSC prevention and treatment groups (*P* \> 0.05). These results indicated that HS-MSCs play a key role in preventive and therapeutic effects on apoptosis of GCs, but there was no significant difference between the two effects (Fig. [6](#Fig6){ref-type="fig"}a, b). Fig. 6The apoptosis and viability of GCs in each group. **a**, **b** Cell apoptosis of the GCs with different treatments detected by Annexin/V using flow cytometry. \**P* \< 0.05 vs model group. **c** Detection of cell viability by Hoechst33342/PI staining (original magnification, × 40)

For Hoechst33342/PI double staining, the proportion of GCs presenting bright blue/dull red fluorescence in the HS-MSC treatment group was significantly lower than that of the MSC treatment group, indicating that HS-MSCs have a stronger therapeutic effect than BMSCs on cisplatin-induced GC apoptosis. Moreover, the proportion of GCs presenting bright blue/dull red fluorescence in the HS-MSC prevention group was significantly lower than that in the MSC prevention group, revealing that GCs co-cultured with HS-MSCs before adding cisplatin have a stronger preventive effect on GC apoptosis. These results were consistent with those of flow cytometry (Fig. [6](#Fig6){ref-type="fig"}c).

Discussion {#Sec29}
==========

Current clinical treatments of chemotherapy-induced POI include hormone therapy, oocyte/ovarian cryopreservation, in vitro oocyte activation and maturation, and IVF-ET \[[@CR10]\]. These treatments still remain limited, and none of them can efficaciously cure chemotherapy-induced POI.

Mesenchymal stem cells (MSCs) are non-specialized cells which have vast application prospectively in regenerative therapy owing to the ability of self-renewal and multiple differentiative potentials. So far, there are 16 clinical trials of stem cell therapy for POI worldwide registered in the system according to the search results of the Clinical Trials Register website ([clinicaltrials.gov](http://clinicaltrials.gov)). It has been reported that MSCs can repair ovarian damage to some extent and partly improve the ovarian endocrine function \[[@CR11]\]. Our previous research has shown that BMSC transplantation can effectively inhibit GC apoptosis and partially recover ovarian damage induced by the application of chemotherapy agents in vivo \[[@CR7]\], but the therapeutic effect is not up to the expectation. Cell loss after transplantation is the main cause of attenuated therapeutic efficiency. Thus, improving the viability of BMSCs in ovarian tissue is essential for enhancing its long-term efficacy.

Heat shock pretreatment (HSP) is an effective way to improve the viability, proliferative capacity, and anti-apoptosis ability of MSCs \[[@CR6], [@CR12], [@CR13]\]. Murry \[[@CR14]\] found that MSCs receiving HSP before transplantation can reduce apoptosis by about 54% in rat models of myocardial injury. Feng \[[@CR15]\] has reported that short-term HSP can significantly inhibit the apoptosis of transplanted Sca-1+ stem cells and thus enhance their effect on reducing myocardial fibrosis and improving cardiac function in a myocardial infarction rat model. Furthermore, Peng \[[@CR16]\] demonstrated that HSP can effectively reduce apoptotic rates of MSCs and the transplantation of HS-MSCs resulted in decreased serum amino transferase levels and improved histopathology in a hepatic ischemia-reperfusion injury rabbit model. However, whether HSP can promote the effect of BMSCs in premature ovarian insufficiency (POI) is not clear. Therefore, we perform this study to investigate the effect and mechanisms of HSP on BMSCs survival and to identify the key role of heat shock-pretreated BMSCs (HS-MSCs) in preventing cisplatin-induced granulosa cells (GCs) apoptosis.

The condition of HSP differed greatly according to different types of cells. In this study, we found that the apoptotic rate of BMSCs was significantly decreased after HSP at 42 °C for 1 h, and so it was determined to be the optimal condition of HSP. We further investigated the biological characteristic changes of BMSCs after HSP. Results suggested that HSP significantly improved the proliferative capacity, viability, and anti-apoptosis ability of BMSCs, indicating that HSP is an effective method to improve the survival rate and enhance the tissue repair capability of transplanted BMSCs. Furthermore, an in vitro model of GCs apoptosis induced by cisplatin was established to explore whether HS-MSCs have a stronger effect than BMSCs in preventing or reducing GCs apoptosis. Results indicated the preventive and therapeutic effects of HS-MSCs in cisplatin-induced GCs apoptosis, but there was no significant difference between the two effects.

At present, the specific mechanisms of HSP in improving the viability and inhibiting the apoptosis of BMSCs still remain unknown. It is widely believed that heat shock proteins are closely related to the inhibition of apoptosis by HSP \[[@CR17]\]. Highly expressed heat shock proteins provide a period of heat tolerance for cells and provide temporary resistance to subsequent stress stimulation. Studies have shown that MSCs treated with moderate heat shock can enhance their viability and proliferation and decrease apoptosis. Choudhery \[[@CR6]\] found elevated heat shock proteins 27, 70, and 90; decreased apoptotic cells; and increased proliferated MSCs after HSP. Park \[[@CR18]\] also found that HSP may increase the expression of heat shock proteins 60, 70, and 90 by up-regulating heat shock factor 1 (HSF1), enhancing the proliferation and survival of target cells. Feng \[[@CR15]\] found that HSP may up-regulate HSF1 and activate the HSF1/miR-34a/HSP70 pathway, therefore leading to the reduction of the apoptosis of Sca-1+ stem cells and myocardial fibrosis and the improvement of cardiac function. Therefore, we consider that the increase of anti-apoptotic ability of MSCs may be related to the increase of heat shock proteins. In order to explore the correlation between the anti-apoptosis ability of HS-MSCs and heat shock proteins, Western blot was performed to detect the expression of HSP70 and HSP90. We found the constantly elevated protein levels of HSP70 and HSP90 in BMSCs after receiving HSP under optimal condition (42 °C, 1 h), which were sustained in an extended period of time. In addition, the protein levels of HSP70 and HSP90 reached peak at 48 h after HSP and were restored to about 0 h level at 120 h. It is suggested that the increased HSP70 and HSP90 levels might be closely related to the decreased apoptosis of HS-MSCs, which was consistent with the result of a previous study \[[@CR13]\]. A recent study has reported that HSP90 activates signal transducer and activator of transcription 3 (STAT3) in stem cells by forming the HSP90/Hop complex \[[@CR19]\], which regulates self-renewal and differentiation of stem cells \[[@CR20]\]. Moreover, the anti-apoptosis effect of heat shock proteins has been confirmed, exerted by blocking the multiple apoptotic pathways. HSP90 blocks the intrinsic apoptotic pathway through binding the caspase-recruitment domain of apoptotic protease-activating factor-1 (Apaf-1), thereby inhibiting the formation of a functional apoptosome \[[@CR21]\]. In addition, other studies have also shown that HSP70 inhibits apoptosis by binding caspase-independent death effector apoptosis-inducing factor (AIF), thereby preventing caspase-independent processes \[[@CR22]\]. Meanwhile, HSP70 and HSP90 are important for binding and stabilizing unfolded proteins and favor their folding in stress condition \[[@CR23]\], which enhance cell survival. Therefore, a high expression of heat shock proteins, especially HSP70 and HSP90, could promote the self-renewal and differentiation of stem cells, thereby playing a key role in cell survival, apoptosis, and the aging process.

Autophagy might be another mechanism involved in the anti-apoptosis effect \[[@CR23]\]. Gordon PB \[[@CR23]\] first found the effect of temperature elevation on autophagy induction of rat hepatocytes in vitro. The highest autophagy level was presented at 37 °C, while the lowest autophagy level was presented at 40 °C. Peng \[[@CR16]\] found that heat shock could induce autophagy of BMSCs after exposure to H~2~O~2~. Herberg \[[@CR24]\] also reported that heat shock may activate autophagy through the SDF-1/CXCR4 axis and play a key role in mediating the survival of MSCs exposed to H~2~O~2~. Numerous data indicated that autophagy acts as either a protagonist or an antagonist of apoptosis, and its effect mainly depends on the category of cell and the difference of condition \[[@CR25]\]. In the present study, we found that chemotherapy microenvironment can activate autophagy. Moreover, the number of autophagosomes and the levels of autophagy-related markers in BMSCs were significantly decreased after receiving HSP, indicating that HSP inhibits the activation of autophagy in HS-MSCs. A recent study has found that overexpression of heat shock factor 1 (HSF1) could suppress the basal level of LC3-II protein and inhibit the activation of autophagy after heat treatment \[[@CR26]\]. On the contrary, the loss of HSF1 could increase the basal level of autophagy \[[@CR27]\]. These results implicated the vital role of active HSF1 in regulating autophagy in heat shock response. Additionally, mitogen-activated protein kinase (p38MAPK) is a positive regulator of autophagy and is regulated by HSP to improve cardiac cell survival \[[@CR28]\]. p38MAPK can be activated in response to exogenous stress such as hypoxia, starvation, and heat shock, which in turn activates mitogen-activated protein kinase kinases (MKK)-3/4/6 and their effector kinases to stimulate autophagy. However, little is known about the function of the p38MAPK pathway in regulating the activation of autophagy in MSCs following HSP. Moreover, autophagy can also directly promote type II programmed cell death \[[@CR29]\]. Overall, the potential mechanism of autophagy in regulating the heat shock has not been fully elucidated and further study is needed.

Conclusions {#Sec30}
===========

In summary, our findings confirmed the optimal condition of HSP and indicated that HSP effectively improves the proliferative capacity, viability, and anti-apoptosis ability of BMSCs under chemotherapy environment. In addition, the elevated expressions of HSP70 and HSP90 and attenuation of autophagy may be involved in the mechanisms of HSP in preventing apoptosis and improve survival of BMSCs. Finally, HS-MSCs have both preventive and therapeutic effects on cisplatin-induced GCs apoptosis.
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**Additional file 1: Figure S1.** Identification of the surface markers of MSCs. **a:** MSCs are positively expressed surface markers CD29 and CD44; **b:** MSCs are positively expressed surface markers CD34 and CD45.
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